The Rsu1 protein contributes to cell adhesion and migration via its association with the adaptor complex of Integrin linked kinase (ILK), PINCH, and Parvin (IPP), which binds to the cytoplasmic domain of β1 integrins joining integrins to the actin cytoskeleton. Rsu1 binding to PINCH in the IPP complex is required for EGF-induced adhesion, spreading and migration in MCF10A mammary epithelial cells. In addition, Rsu1 expression inhibits Jun kinase but is necessary for the activation of MKK4 and p38 Map kinase signaling essential for migration in MCF10A cells. The data reported here examines the links between MKK4-p38-ATF2 signaling and AKT regulation in MCF10A cells. Ectopic Rsu1 inhibited AKT1 phosphorylation while Rsu1 depletion induced AKT activation and AKT1 phosphorylation of MKK4 on serine 80, blocking MKK4 activity. Rsu1 depletion also reduced the RNA for lipid phosphatase PTEN thus implicating PTEN in modulating levels of activated AKT in these conditions. ChIP analysis of the PTEN promoter revealed that Rsu1 depletion prevented binding of ATF2 to a positive regulatory site in the PTEN promoter and the enhanced binding of cJun to a negatively regulatory PTEN promoter site. These results demonstrate a mechanism by which Rsu1 adhesion signaling alters the balance between MKK4-p38-ATF2 and cJun activation thus altering PTEN expression in MCF10A cells.
Introduction
The IPP complex of proteins that links integrins to the actin cytoskeleton consists of Integrin linked kinase (ILK), Parvin, and PINCH (Legate et al. 2006 ). Rsu1, a 33 kDa small leucine rich repeat protein, binds to the LIM domain protein PINCH1 (Kadrmas et al. 2004; Dougherty et al. 2005) , thus associating with the integrin adhesome (Horton et al. 2015 ) (Byron and Frame 2016) . Rsu1 is required for cell spreading, adhesion and migration as well as the formation of mature focal adhesions (Simpson et al. 2008; Winograd-Katz et al. 2009; GonzalezNieves et al. 2013; Horton et al. 2015) . The latter occurs by stabilization of PINCH1 and the PINCH1-ILK complex (Gonzalez-Nieves et al. 2013 ) and the loss of Rsu1, or PINCH or ILK, causes cell detachment (Gonzalez-Nieves et al. 2013 ). Rsu1 links cell adhesion to intracellular signaling. siRNAmediated depletion of Rsu1 in mammary epithelial cells elevates JNK and phosphorylation of c-Jun, but it inhibits MKK4 and p38 activation resulting in decreased ATF2 phosphorylation (Gonzalez-Nieves et al. 2013; Kim et al. 2015) . Conversely, ectopic Rsu1 expression inhibits the activation of JNK in multiple cells and tissues (Masuelli and Cutler 1996; Montanez et al. 2012; Porcheri et al. 2014) . The intermediary role of Rsu1 in directing signaling from the adhesome to the stress kinases also requires Rac signaling (Dougherty et al. 2008; Ito et al. 2010; Donthamsetty et al. 2013; Gonzalez-Nieves et al. 2013) .
The levels of other proteins in the IPP complex, including ILK, affect JNK and p38 signaling in multiple cell types (Durbin et al. 2009 ) (Yu et al. 2014 ) (Smeeton et al. 2010 ). In addition, ILK is a critical regulator of AKT1 activation in breast and other cancer cells (Troussard et al. 2006) , and in cells with mutant PTEN, depletion of ILK causes apoptosis (Edwards et al. 2005 ) (Persad et al. 2000) . The loss of PINCH has also been linked to decreased AKT1 activation (Fukuda et al. 2003 ) (Meder et al. 2011 ) and PINCH expression can block AKT1 dephosphorylation (Eke et al. 2010 ). In contrast, our studies demonstrated that ectopic Rsu1 expression inhibited activation of AKT while decreasing the growth of MCF7 breast cancer cells (Vasaturo et al. 2000) . Hence, Rsu1 and the IPP proteins have opposing roles in adhesion-dependent survival signaling.
Cell adhesion and migration are core activities modulated during tumor growth, survival and metastatic dissemination. The p38-ATF2 and JNK signaling pathways altered by Rsu1 expression are well documented contributors to oncogenic initiation and progression. Rsu1 was identified based on its inhibition of oncogenic Ras-induced anchorage independent growth (Cutler et al. 1992) . Rsu1 is deleted in subsets of human hepatocellular carcinomas and gliomas (Nalesnik et al. 2012 ) (Wu et al. 2014 ). An altered Rsu1 spliced product that fails to bind PINCH1 was detected in some human gliomas and cell lines particularly in the context of Ras activation (Chunduru et al. 2002) (Dougherty et al. 2008 ) and ectopic Rsu1 blocked tumor formation by a glioma cell line in a xenograph model (Tsuda et al. 1995) . Reduction of Rsu1 expression due to targeting by stromal derived miRs was observed in human prostate tumors and then modeled in cell lines and xenographs (Josson et al. 2014a, b) . GWAS studies identified the Rsu1 locus as a predictor of response to hormone therapy in breast cancer (Onishi et al. 2018) and Rsu1 is a component of a novel four gene signature predicting therapeutic response (Quist et al. 2019) . In addition, reports of elevated Rsu1 RNA in some breast tumors and the finding that the Rsu1 binding partner PINCH1 is elevated at the leading invasive edge of common solid tumors indicates that the contribution of these proteins to tumor initiation and progression is not completely understood (Gkretsi et al. 2017) (Wang-Rodriguez et al. 2002; Donthamsetty et al. 2013) .
Based on the previously observed effects of Rsu1 expression on biochemical pathways, we examined interaction between Rsu1, MKK4-p38, JNK and AKT signaling pathways in non-transformed mammary epithelial cells. This approach identified Rsu1-dependent effects on PTEN expression that are regulated by MKK4-p38-ATF2 and JNK signaling. These findings link Rsu1 expression levels and cell adhesion to changes in AKT activation.
Materials and methods

Cell lines and cell culture
MCF10A mammary epithelial cells maintained in DMEM-F12 medium and MCF10A cells expressing Rsu1or dominant negative mutant Rsu1 (Rsu1-N92D) tagged with myc were described previously (Gonzalez-Nieves et al. 2013) . EGF and SB203580 were purchased from Sigma-Aldrich (St. Louis, MO).
siRNA-induced gene silencing
Rsu1 depletion in MCF10A cells was described previously (Gonzalez-Nieves et al. 2013) . p38α (MapK14), p38β1 (MapK11), p38γ (MapK12), MKK3 (Map2K3), MKK6 (Map2K6), MKK4 (Map2K4), MEKK1 (Map3K1) and ASK1 (Map3K5) siRNA were purchased from Qiagen (Valencia, CA). The control siRNA, Allstars negative control siRNA, was purchased from Qiagen (Valencia, CA).
Western blotting and antibodies
We s t e r n b l o t t i n g a s s a y s w e r e p e r f o r m e d a s described (Gonzalez-Nieves et al. 2013) . Antibodies purchased from Cell Signaling Technology (Beverly, MA) include: anti-p-p38 (T180/Y182, #4511), p-MKK4/SEK1 (S257, #4514; S80, #9155), p-MKK3/6 (S189/S207, #9236), p-JNK (T183/Y185, #4668), p-ATF2 (T71, #5112), p-c-Jun (#2361), c-Jun (#9165 for immunoblot and ChIP), PTEN (#9188), p38α (#9218), p38β (#2339) and p38γ (#2307). The antibodies obtained from Millipore (Billerica, MA) include: anti-AKT (#05-591), p-AKT(T308, #05-802), ILK (#05-575), p38 (#05-454, reacted with p38α/β2). In addition, anti-p-AKT (S473, sc-7985), α-tubulin (sc-8035), MKK3/6 (sc-136982), p-p38 (Y182, sc-80035), p38α (sc-7985), MKK4 (sc-166168), MEKK1 (sc-252), JNK (sc-571), P-ERK (Y204, sc-7383) and ATF2 (sc-187, sc-187X) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-p-MKK4/SEK1 (T261, #GWB-ASB802) and anti-PINCH (#GWB-MX035H) were purchased from Genway. The anti-vinculin (#v4505) was from Sigma-Aldrich (St. Louis, MO). The Rsu1 antibody was described previously (Dougherty et al. 2008; Gonzalez-Nieves et al. 2013) .
Western blots were repeated multiple times. Images were collected using LAS-4000 Imager. To ensure linearity of the signal, protein quantification was determined using the Multi Gauge program (Fujifilm). For quantitation, band intensity analysis was performed by determination of ratio for Rsu1/ tubulin or actin, phosphospecific/ non-phosphorylated antibodies. For fold changes, each ratio was compared by the other representative images. The control band was set as 1.
RNA isolation and quantitative real-time RT-PCR
Total RNA was isolated with TriPure (Roche, Indianapolis, IN) and cDNA synthesis was performed using the GeneAmp RNA PCR Core Kit (Applied Biosystems, Foster City, CA).
Primer sequences for Real-time RT-PCR for human PTEN are:
5'-GATGTGGCGGGACTCTTTAT-3′ (forward) and 5'-AGCGGCTCAACTCTCAAACT-3′ (reverse); human Rsu1: 5'-GGATGTCAACGGCCTCTTT-3′ (forward) and 5'-TGGCACCATTGTTAGCTTGT-3′ (reverse). Amplification for real-time PCR was performed in triplicate with FastStart Universal SYBR Green Master (Roche, Indianapolis, IN) and was analyzed using the ABI 7500 (Applied Biosystems, Foster City, CA). 18S ribosomal RNA was used as an internal control (forward primer: 5'-GGATCCATTGGAGG GCAAGT-3′ and reverse primer 5'-AATATACGCTATTG GAGCTGGAATTAC-3′) to normalize the results. A complete list of primers sequences are included in Supplementary file 1.
ChIP (chromatin immunoprecipitation) assay ChIP assays were performed using reagents from Active Motif (Carlsbad, CA) as recommended by the manufacturer. In brief, cells were cross-linked with 10% formaldehyde in cell culture medium for 10 min at room temperature then washed with ice-cold PBS and glycine stop solution to end the fixation. The cells were scraped and lysed with cold-lysis buffer. The nuclear pellet was collected, digested, and chromatin was sheared enzymatically for 15 min at 37°C. The sheared chromatin DNA samples were centrifuged at 18,000 RCF at 4°C for 10 min and phenol/chloroform extracted. The pre-cleared chromatin was incubated overnight at 4°C with specific antibodies or normal rabbit IgG and protein G beads. After incubation at 4°C overnight, the protein G beads were collected, washed and the DNA was eluted. Protein-DNA cross-links were reversed 15 min at 95°C and the samples were treated with proteinase K for 1 h at 37°C. The DNA samples were analyzed by PCR using AmpliTaq DNA polymerase kit (Life Technologies) with the following human PTEN promoterspecific primers. Site 1: 5'-TCGACTACTTGCTTTGTAGA-3′ (forward) and 5'-TTTACAGCCCCGATTGGGCT-3′ (reverse). Site 2: 5'-CAGACTTGACAGGTTTGTTC-3′ (forward) and 5'-TCCAGTCACTACCCCTGAGC-3′ (reverse). PCR conditions were as follows: 94°C for 3 min; 40 cycles at 94°C for 20 s for denaturation; 59°C for 30 s for annealing; 72°C for 30 s for elongation; and a final extension at 72°C for 10 min. The PCR products were analysed on a 3% agarose gel electrophoresis in TAE buffer.
Results
The depletion of Rsu1 inhibits activation of MKK4 in response to EGF stimulation of MCF10A cells Rsu1 contributes to the control of cell signaling and migration in MCF10A mammary epithelial cells (Gonzalez-Nieves et al. 2013 ) and, as shown previously, the siRNA-mediated depletion of Rsu1 in MCF10A cells inhibited EGF stimulation of both MKK4 and p38 phosphorylation (Gonzalez-Nieves et al. 2013) (Kim et al. 2015) . This pathway, which also controls phosphorylation of ATF2, is critical for migration of MCF10A cells. The results reported here confirm and extend those findings. Western blot analysis of lysates from control-or Rsu1 siRNA transfected cells confirmed that Rsu1 depletion inhibited MKK4 phosphorylation in response to EGF, but not phosphorylation of MKK3 and MKK6, indicating that MKK4 is the likely immediate upstream activator of p38 in this experimental condition (Fig. 1a) . The phosphorylation of the MKK4 targets, p38 and Jun kinase, in response to EGF were examined. p38α is the prominently phosphorylated isoform in response to EGF stimulation in MCF10A cells and, as reported previously, p38 phosp h o r y l a t i o n i s i n h i b i t e d i n t h e a b s e n c e o f Rsu1 (Gonzalez-Nieves et al. 2013) . In contrast, Rsu1 depletion resulted in the enhanced phosphorylation of JNK in response to EGF (Fig. 1b) .
PINCH1 is the adaptor protein linking Rsu1 to ILK and the focal adhesions (Dougherty et al. 2008) . Our previous studies demonstrated that depletion of PINCH1 in MCF10A cells did not block EGF-induced phosphorylation of p38 and ATF2 (Gonzalez-Nieves et al. 2013 ). Studies using a mutant of Rsu1, Rsu1-N92D, which does not bind PINCH1, indicated that the pathway exhibits additional complexity. First, in cells depleted of endogenous Rsu1, wild type Rsu1 rescued focal adhesion formation but the cells expressing Rsu1-N92D were less adherent and without fully developed and functional FAs (Gonzalez-Nieves et al. 2013) . In the experiment shown here, MCF10A cell lines constructed to express wtRsu1 or the Rsu1-N92D mutant were depleted of endogenous but not the vector-encoded Rsu1 RNA. The expression of wtRsu1 restored MKK4 (S257) and p38 phosphorylation in response to EGF. However, expression of Rsu1-N92D did not support MKK4 activation but led to constitutive p38 phosphorylation (Fig. 1c) .
The physical detachment of MCF10A cells from substrate activates MKK6 and phosphorylation of p38 (Wen et al. 2011) . Data in Fig. 1d show that MKK6 contributes to EGFinduced p38 phosphorylation in MCF10A cells as its depletion decreases phospho-p38. Hence, cells expressing Rsu1-N92D have a profile similar to detached cells i.e. constitutive phosphorylation of p38 that is likely due to activation of MKK3 and/or MKK6 (Fig. 1c, boxed) . Because, the nonbinding mutant (Rsu1-N92D) did not fully rescue EGFinduced MKK4 (S257) (Fig. 1c, boxed) , it appears that Rsu1-PINCH1 interaction, or stable cell adhesion, is necessary for growth factor-induced MKK4 activation and phosphorylation of p38. JNK activation is inhibited by ectopic expression of Rsu1 and Rsu1 depletion enhances JNK activation by EGF (Fig.  1b) . MKK4 can phosphorylate JNK in MCF10A and depletion of MKK4 or MKK3, but not MKK6, reduced JNK activation. Hence, MKK4 may contribute to Rsu1 effect on JNK activation by EGF (Fig. 1d ).
An analysis of the potential activators of MKK4 was performed in MCF10A cells. The results of siRNAmediated depletion of MEKK1, ASK1 and HGK indicate that reduction of MEKK1 reduces EGF induced phosphorylation of MKK4 and p38 (in Supplementary Fig.  1 ). Currently the effect of Rsu1 level on MEKK1 activation or stability is not known.
AKT activation correlates with Rsu1 expression and contributes to MKK4 function
Because Rsu1 functions through MKK4 and p38 we examined regulatory events involving MKK4 activity. PI3K/AKT signaling pathways regulate cellular functions including cell migration, proliferation and survival through multiple downstream targets, including the inhibition of MKK4. This includes AKT phosphorylation of MKK4 on serine 80, a negative regulatory site for MKK4 activity (Park et al. 2002; Song and Lee 2005) . A previously identified link between Rsu1 expression and AKT was observed when ectopic expression of Rsu1 in the MCF7 breast tumor cell line inhibited AKT phosphorylation (Vasaturo et al. Immunoblot analysis was performed with equal amounts of protein samples as indicated in Materials and Methods and the levels of phospho-p38 (T180/Y182), phospho-MKK4 (S257 and T261), phospho-MKK3/6 (S189/S207), phospho-JNK (T183/Y185), were detected. Total p38, JNK, MKK4 and MKK3/6 were measured and α-tubulin and Rsu1 antibodies were used for loading controls and depletion levels, respectively. c MCF10A cells stably expressing control vector (pBabe), Rsu1-myc (Rsu1) or Rsu1-N92D-myc (Rsu1-N92D) were transfected with negative control siRNA or endogenous Rsu1 specific siRNA and treated with EGF (100 ng/ml) for 10 min as described in Materials and Methods. The lysates were subjected by western blot and analyzed with phosphorylation specific antibodies indicated. d Lysates from MCF10A cells depleted of MKK4, MKK3 or MKK6 were examined for levels of phospho-p38, phospho-JNK and phospho-Erk. Quantitation is expressed as fold stimulation compared to T = 0 for control siRNA transfected cells set as 1 2000). In the current study AKT was examined in cells in which levels of Rsu1 were elevated or reduced. MCF10A and human breast cancer cell lines T47D and MDA-MB-231 were infected with adenovirus encoding Rsu1; these cells exhibited decreased phospho-AKT (ser473) similar to that observed in the MCF7 cells (Fig. 2a) . Conversely, the depletion of Rsu1 from MCF10A cells resulted in elevated phospho-AKT primarily at serine 473 whereas phosphorylation at threonine 308 was less affected by Rsu1 level (Fig. 2b) . These findings suggested a role for Rsu1 in the regulation of the AKT phosphorylation. In MCF10A cells the depletion of Rsu1 and increase in AKT (ser473) phosphorylation correlated with phosphorylation of MKK4 on serine 80, the negative regulatory site for MKK4 activity (Fig. 2b) . Hence, these data suggest that Rsu1 depletion both blocks the activation of MKK4 and inhibits MKK4 kinase activity by serine 80 phosphorylation.
Next, experiments were performed to determine the cause of elevated phospho-AKT in MCF10A cells depleted of Rsu1.
The tumor suppressor and lipid phosphatase, PTEN, reduces levels of PIP 3 thus attenuating PI3K/AKT signaling and the phosphorylation of AKT. Because PI3K/AKT signaling is tightly regulated by PTEN and PTEN controls migration (Tamura et al. 1998) , we investigated the effect of Rsu1 on PTEN expression. The siRNA-mediated depletion of Rsu1 decreased both PTEN RNA and protein expression (Fig. 2b  and c) . Because this occurs in conjunction with increased phosphorylation of AKT on serine 473 in MCF10A cells, it appears that Rsu1 depletion results in a decrease in PTEN, elevation of phospho-AKT, and increased phosphorylation of MKK4 at serine 80, a negative regulatory site targeted by AKT. Hence, Rsu1 depletion interferes with MKK4 activation at multiple steps.
PTEN is a frequently altered gene in human cancers and it can be regulated in multiple ways including by phosphorylation (Ser380/Thr382/Thr383). We examined levels of phosphorylated and non-phosphorylated PTEN in cells depleted of Rsu1 following EGF stimulation. The results in Supplementary Fig. 2 indicate that there is no significant difference in PTEN phosphorylation between control and Rsu1 depleted cells. While PTEN can modulate cell migration in some cell backgrounds, only the complete deletion of PTEN altered the growth phenotype of MCF10A cells (Vitolo et al. 2009 ). Hence, we did not expect changes in adhesion due to Rsu1-induced changes in PTEN level and siRNA mediated reduction in PTEN in MCF10A cells did not alter adhesion (data not shown). The contribution of MKKs to PTEN expression was tested by siRNA-mediated depletion of these kinases in MCF10A cells; the results indicated that MKK3 and MKK4, but not MKK6, contributed to control of PTEN expression (Fig. 3a) . The specific inhibitor of p38 (SB203580) decreased expression of PTEN in MCF10A cells in a dose-dependent way confirming that reduced p38 phosphorylation correlated with the reduced level of PTEN RNA in MCF10A cells (Fig. 3b and c) . These data link a decrease in a MKK4-p38 signaling with reduced PTEN transcription in MCF10A cells.
Signal transduction modifications in Rsu1-depleted cells alter cJun and ATF2 binding to the PTEN promoter
The PTEN gene is transcriptionally regulated by the MKK4, p38 Mapk and Jun kinase signaling pathway via the binding of the transcription factor(s) ATF2 and cJun to two putative AP-1 sites in its promoter region (Shen et al. 2006 ) (Qian et al. 2012 ). Rsu1 depletion reduces MKK4, p38 and ATF2 activation while elevating Jun kinase activation. MCF10A cells depleted of Rsu1 exhibit a decrease in ATF2 phosphorylation at threonine 71 (Fig. 4d) and a slight increase in c-Jun phosphorylation at serine 63 following EGF stimulation when compared to control cells.
Hence, we examined the effect of Rsu1 level on ATF2-dependent and cJun-dependent PTEN gene regulation in MCF10A cells maintained in EGF-containing media. Using ChIP assay, we tested the binding of ATF2 and cJun to potential PTEN promoter binding sites essential for PTEN gene regulation (Fig. 4a) . As shown in Fig. 4b , the binding of ATF2 to site 2 in PTEN gene promoter was regulated by Rsu1 level, but no alteration in ATF2 binding was detected at PTEN promoter site . The 18S RNA was used for normalization. Bar graphs show the fold change of PTEN expression quantified as the ratios to the control, the means ± SD, n = 3. c Immunoblot analysis was performed with equal amounts of protein samples for the levels of phospho-AKT (S473) and phospho-p38 (T180/Y182), total AKT, p38, PTEN expression and α-tubulin was for internal controls 1. Moreover, while ATF2 binding to site 2 was decreased in Rsu1-siRNA transfected MCF10A cells, c-Jun binding was reciprocally increased at site 2. These data indicate that ATF2 positive regulation of PTEN gene expression in MCF10A cells depends on Rsu1 level. In addition, in the absence of Rsu1, a condition that leads to elevated Jun kinase and phospho-cJun, negative regulation of PTEN promoter activation also contributes to decreased PTEN transcription (Fig. 4b) . This is predicted by previous work demonstrating negative regulation of PTEN expression by cJun (Hettinger et al. 2007 ).
We next investigated whether the binding of ATF2 at site 2 is regulated by EGF stimulation. As demonstrated in Fig. 4c , the binding of ATF2 was enhanced by EGF treatment in the control, but not in the absence of Rsu1, indicating that ATF2 plays an important role for the PTEN gene regulation by EGF. EGF stimulation had less effect on cJun binding to site 2. This is consistent with the reduction in expression of PTEN RNA as determined by quantitative real time PCR experiment (Fig. 2c) . Based on the data it appears that the inhibition of the p38-ATF2 pathway by Rsu1 depletion is responsible for the decrease in ATF2 binding to site 2 in the PTEN promoter and reduction in PTEN expression.
Discussion
Rsu1 and the proteins in the IPP complex control adhesion and migration in part through alterations in signal transduction pathways. The pathways that are modulated are those that contribute to membrane alterations during integrin clustering as well as stress and survival signaling. Our previous work identified a role for Rsu1 in the activation of MKK4-p38 signaling during EGF-induced stimulation and migration of MCF10A cells. The results here confirm and expand the findings to links with the AKT1 pathway, changes in which were previously observed following ectopic Rsu1 expression (Vasaturo et al. 2000) . The lipid phosphatase PTEN controls levels of activated AKT1 and its expression can be modulated by ATF2 and cJun. ATF2 activation and binding to a site in the Immunoblot analysis was performed using cell lysates from control siRNA (control) and Rsu1 specific siRNA (Rsu1) MCF10A cells for the levels of phospho-ATF2 (p-ATF2, T71), phospho-cJun (p-cJun, S63), total ATF2 and cJun. α-tubulin and Rsu1 antibodies were used for internal controls and depletion levels, respectively PTEN promotor is necessary for PTEN transcription (Shen et al. 2006; Qian et al. 2012 ). Our data demonstrate that MKK4-p38-ATF2 signaling is disrupted following Rsu1-depletion. In addition, Rsu1-depletion causes elevation of JNK and phospho-cJun, which binds at negative regulatory site in the PTEN promoter blocking transcription (Hettinger et al. 2007 ) (Fig. 5) . Hence, the reduction of Rsu1 caused decreased levels of PTEN and elevated phospho-AKT, while the converse is seen in cells with elevated Rsu1 (Vasaturo et al. 2000) . Reciprocal changes in ATF2 and cJun function have been reported in other contexts. Expression of an N-terminal peptide of ATF2 reduced ATF2-dependent transcriptional activity, while increasing expression and the activity of cJun in melanoma (Bhoumik et al. 2002; Bhoumik et al. 2004) . Likewise, inhibiting ATF2 via RNAi increased cJun expression and stimulated melanoma cells to apoptosis, suggesting the change in the balance of ATF2/cJun allowing replacement of other cJun heterodimer partners (Huang et al. 2008) .
JNK activity has been identified as a contributor to tumor progression but depending on the cell context it can block tumor formation as well. In the study by Hettinger et al. cJun negatively regulated PTEN expression by binding to the AP1 site 2 and promoted tumor cell survival (Hettinger et al. 2007) . In prostate, a more complex role for PTEN and JNK is illustrated by the finding that PTEN inactivation is associated with elevated JNK which may block progression by contributing to senescence (Vivanco et al. 2007; Hubner et al. 2012) . While AKT1 can inhibit MEKK1-MKK4-JNK via phosphorylation in the N terminal region of MKK4 (Park et al. 2002) , MEKK1 loss enhances PI3K signaling via stabilization of IRS1 and IRS1 binding to p85 subunit of PI3K (Avivar-Valderas et al. 2018) . The loss of Rsu1 increases JNK activity and elevated Rsu1 levels block Jun kinase activation in multiple cells and tissues (Masuelli and Cutler 1996) (Montanez et al. 2012; Porcheri et al. 2014) . Hence, while Rsu1 loss causes changes in adhesion and migration there is also potential for loss or mutation of Rsu1 to contribute to cancer development or progression via decreased PTEN signaling or altered JNK activity. Sequencing breast tumor DNA revealed that luminal A breast tumors exhibit sets of mutually exclusive mutations; these include activating mutations of PIK3CA, PIK3R1, loss or inactivation of PTEN, or inactivating mutations of Map3K1/MEKK1 and Map2K4/MKK4 that block activation of p38 and JNK (Ellis et al. 2012; TCGA 2012) . ATF2, a target of p38 kinase, can suppress tumorigenesis (Bhoumik et al. 2008; Gozdecka et al. 2014) . In breast cancer, analysis of the level of phosphorylation and activation of ATF2 revealed that high phospho-ATF2 was linked to both tamoxifen sensitivity of luminal A tumors and survival while low phospho-ATF2 was associated with recurrence and failure of tamoxifen therapy (Rudraraju et al. 2014) . Hence, the MKK4-p38-ATF2 signaling pathway may be critical for response to hormone therapy in luminal A breast tumors. A recent GWAS studies identified the Rsu1 locus as a predictor of response to hormone therapy in breast cancer (Onishi et al. 2018) . Also, tumor cells with low levels of p38 and phospho-ATF2 are associated with metastasis in HER2+ disease (Harper et al. 2016) RSU1 deletion has been identified in glioma and hepatocellular carcinoma (Nalesnik et al. 2012; Wu et al. 2014 ) and a subset of genes whose expression is altered by Rsu1 depletion can be seen in Table 1 . Multiple RSU1 transcripts resulting from alternative splicing are detected in human tumors, including some forms that are specific to tumors with Ras mutations, and some of these RNAs encode proteins that fail to bind to PINCH1 (Chunduru et al. 2002; Dougherty et al. 2008) . So while there are reports of RSU1 elevation in breast and other tumors, further analysis, including links to JNK, p38 and ATF2, or to the expression, mutation or deletion of PTEN, MEKK1, MKK4, PIK3 and PIK3R1, will be necessary to understand the contribution of RSU1 to tumor development or progression. 
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